Abstract. Hippocampal volume is a promising biomarker to enhance the accuracy of the diagnosis of dementia due to Alzheimer's disease (AD). However, whereas hippocampal volume is well studied in patient samples from clinical trials, its value in clinical routine patient care is still rather unclear. The aim of the present study, therefore, was to evaluate fully automated atlas-based hippocampal volumetry for detection of AD in the setting of a secondary care expert memory clinic for outpatients. Onehundred consecutive patients with memory complaints were clinically evaluated and categorized into three diagnostic groups: AD, intermediate AD, and non-AD. A software tool based on open source software (Statistical Parametric Mapping SPM8) was employed for fully automated tissue segmentation and stereotactical normalization of high-resolution three-dimensional T1-weighted magnetic resonance images. Predefined standard masks were used for computation of grey matter volume of the left and right hippocampus which then was scaled to the patient's total grey matter volume. The right hippocampal volume provided an area under the receiver operating characteristic curve of 84% for detection of AD patients in the whole sample. This indicates that fully automated MR-based hippocampal volumetry fulfills the requirements for a relevant core feasible biomarker for detection of AD in everyday patient care in a secondary care memory clinic for outpatients. The software used in the present study has been made freely available as an SPM8 toolbox. It is robust and fast so that it is easily integrated into routine workflow.
INTRODUCTION
In the beginning of the 1990s, magnetic resonance (MR)-based hippocampal volumetry was recognized to be useful to support the diagnosis of Alzheimer's disease (AD) [1] . This was triggered by fundamental work of Braak and Braak, who demonstrated that neurofibrillary pathology characteristic for AD usually begins in the medial temporal lobe, particularly in the entorhinal cortex and in the hippocampus [2] . This results in a similar pattern of grey matter (GM) atrophy which can be detected by structural MR imaging. Since then, numerous studies have been published and reviewed [3, 4] to further explore usefulness and implications of MR-based hippocampal volumetry [5] [6] [7] [8] [9] .
Recently, the interest in this field has been further strengthened by the National Institute on AgingAlzheimer's Association (NIA-AA) guidelines which suggest hippocampal volumetry as biomarker both in the diagnostic process for early AD [11] and in the evaluation of dementia [12] (see also [10] ). To date, assessment of hippocampal atrophy is based on visual inspection and visual rating scales in most institutions [13, 14] . Inter-rater variability, a main limitation of visual rating scales in clinical patient care, might be eliminated by quantitative characterization of hippocampal atrophy. The gold standard for volumetric assessment of the hippocampus is its manual segmentation. However, manual segmentation is also prone to significant variations between centers and operators performing the task [8] . In addition, manual segmentation is very time consuming and, therefore, it is not compatible with the workflow in clinical routine patient care. Fully automated tools eliminate interoperator variability [15] [16] [17] . Hippocampal volumes estimated by fully-automated atlas-based segmentation approaches with rather short computation time are in good quantitative agreement with manual segmentation [18, 19] . Therefore, fully automated methods have the potential to support the diagnosis also in the clinical setting [20] .
However, most studies of hippocampal volumetry for the detection of AD have been performed in highly screened populations. For widespread clinical acceptance it is mandatory to validate hippocampal volumetry in populations representing everyday clinical routine in which the presence of other pathologies and comorbidities is the norm rather than the exception.
In light of this, the aim of the present study was to investigate the accuracy of fully automated atlas-based hippocampal volumetry to detect AD in a heterogeneous population of patients of a memory clinic.
PATIENTS AND METHODS

Patients
The memory clinic of the Stadtspital Waid in Zurich is one of the largest specialty clinics in Switzerland with approximately 300 new patients per year referred from primary care providers for evaluation of subjective or objective memory complaints or other neurocognitive disorders. One-hundred consecutive patients who had presented with memory complaints between 1 January 2010 and 31 December 2010 were included retrospectively in the present study. Patients were included, when (i) a clinical diagnosis was obtained according to the standard diagnostic procedure of the Stadtspital Waid and was clearly stated in the report and (ii) high-resolution MR imaging had been performed. No further selection criteria were applied. In particular, there was no exclusion criterion with respect to the MR image quality. The standard diagnostic procedure of the Stadtspital Waid comprises anamnesis and a caregiver report, clinical examination, routine blood testing, and a battery of standardized and established neuropsychological tests. Diagnoses are made in consensus by an interdisciplinary board using established clinical criteria to identify AD both in subjects with mild cognitive impairment (MCI) [11, [21] [22] [23] [24] and in patients with dementia [12] .
Patients were categorized into three subgroups based on clinical judgment and in line with core clinical criteria: (i) AD, (ii) intermediate AD, and (iii) non-AD. The "AD" subgroup comprised patients with probable AD according to McKhann et al. [12] and patients with MCI consistent with AD according to Albert et al. [11] . The "non-AD" group included patients with subjective cognitive impairment (SCI), patients with MCI inconsistent with AD [11, 23, 24] , and patients with dementia due to suspected neurodegenerative disease other than AD, such as frontotemporal dementia, or other neurological or psychiatric disorders, such as Parkinson's disease. All remaining patients were categorized into the "intermediate AD" group. These were patients with dementia or MCI who did not show sufficient clinical evidence of AD (to be categorized into the "AD" group) nor of any other specific disease (to be categorized into the "non-AD" group). The "intermediate AD" category reflects the difficulties of clinical diagnostics in everyday routine in a secondary care expert memory clinic for outpatients. The categorization as "intermediate AD" should not be confused with the diagnosis of possible AD according to [12] ; it includes patients with possible AD but also more unclear cases. MR images were not used for the diagnosis except for the exclusion of non-neurodegenerative causes of the cognitive complaints such as stroke or brain tumor. Details of the subgroups are presented in Table 1 .
The study protocol fulfilled the requirements of the local ethical committee of Zurich and was approved by the Institutional Review Board (IRB) of the Stadtspital 
Image acquisition
MR imaging had been performed at the Stadtspital Waid with a Siemens Avanto 1.5 T (Siemens Erlangen, Germany) deploying 3D T1-weighted magnetization prepared rapid gradient echo (MPRAGE) with two slightly different acquisition protocols. 89 patients were scanned using protocol A: TR 1900 ms, TE 3.1 ms, TI 1100 ms and a flip angle of 15 • . Eleven patients (8 ADs, 2 non-ADs, 1 intermediate AD) were scanned using a second protocol (B): TR 980 ms, TE 2.95 ms, TI 600 ms and a flip angle of 15 • . An isotropic voxel grid of 1 mm and 176 sagittal slices were used throughout. All scans were performed without contrast agent. Acquisition time was less than 5 min.
Image segmentation
MR images were segmented and stereotactically normalized to the Montreal Neurological Institute (MNI) space using a combined segmentation and registration approach [25] as implemented in the Statistical Parametric Mapping 8 (SPM8) software package (Wellcome Trust Centre for Neuroimaging, London, UK). Preexisting, freely available prior tissue probability maps for GM, white matter (WM), and cerebrospinal fluid (CSF) were used to assist segmentation and registration [26] . The default setting of the unified segmentation engine was used as described in Arlt et al. [27] . The unified segmentation approach yields stereotactically normalized component images of GM, WM, and CSF with a voxel volume of 1 mm. Modulation was applied to preserve the volumes of the component images after stereotactical normalization.
Computation time for segmentation of a single data set was less than four minutes on an Intel Core 2 Duo CPU with 3.33 GHz and 8 GB RAM.
Volumetry
Hippocampal GM volume (HV) was calculated by multiplying the subject's GM component image with a predefined binary mask from a freely available atlas [28] and then summing over all voxel intensities. Hippocampus masks for the left and the right hemisphere were used separately yielding two sub-volumes for each brain hemisphere, HVL and HVR, respectively. The masks comprise the Cornus ammonis (CA1-CA4, in the following summarized as CA) and Fascia dentata (FD) substructures as defined by Amunts and coworkers [29] and feature an isotropic resolution of 1 mm (Fig. 1) . Volumes of the binary hippocampus masks are 6.7 ml and 6.9 ml for the left and right hemisphere, respectively. Total HV was obtained by summing the GM volume within both masks.
Total grey matter volume (GMV), total white matter volume (WMV), and total cerebrospinal fluid volume (CSFV) were calculated by summing up all voxel intensities of the stereotactically normalized and modulated component images of the corresponding tissue class. Total intracranial volume (TIV) was computed as GMV+WMV+CSFV.
Correction for TIV and age by bilinear fitting
TIV and age are widely used as covariates to minimize additional variance due to inter-subject differences in head-size and GM loss in the hippocampus associated with normal aging [8] .
To account for these confounders in the present study, HVL, HVR, and HV were fitted by a bilinear model with age and TIV as independent variables to an independent sample of healthy subjects from a pool of cognitively normal subjects (control group) undergoing whole body MR imaging as part of a check-up program at a medical prevention center in Hamburg, Germany. Subjects were excluded if they had a history of or current neurological or psychiatric disease or if there were abnormal findings in the brain MR image according to visual inspection by an experi-enced radiologist (C.G.). A total of 218 subjects were included. 3D MPRAGE images had been acquired with a Siemens Avanto 1.5 T using protocol B as specified above. The sample covered a wide range of age from 18 to 85 years (mean age 62 years). HVL, HVR, and HV of an individual patient were then adjusted to the mean age and mean TIV of the control group using the following formulas:
TIV and age represent TIV and age of the patient. a's and b's are the regression coefficients (a HVL = 0.0018 and b HVL = −0.0107 ml/year; a HVR = 0.0017 and b HVR = −0.0102 ml/year; a HV = 0.0035 and b HV = −0.0209 ml/year) from the bilinear fit to the control group, and ‹age› and ‹TIV› denote mean age and mean TIV in the control group (62 years and 1,464 ml).
Scaling to individual GMV
Total GMV might be used as substitute for both TIV and age as covariate. The rationale for this is that in healthy subjects (i) GMV is expected to scale directly with TIV, and (ii) loss of GM caused by healthy aging can be considered an indirect measure of the brain's age. Correction for GMV was performed by direct scaling, i.e., HVL, HVR, HV of a patient was divided by the patient's GMV yielding the ratios HVL/GMV, HVR/GMV, and HV/GMV. Ratios were specified in per mille. This scaling approach was tested in the control group.
Performance metric and discrimination of AD and non-AD
The different biomarkers were first compared with respect to their potential for the differentiation between AD and non-AD (setup 1). Corresponding receiver operating characteristic (ROC) curves were generated for HVL ad , HVR ad , and HV ad as well as for the ratios HVL/GMV, HVR/GMV, and HV/GMV. The area under the ROC curve (AUC) was calculated as primary performance measure. AUC calculation was performed according to the trapezoidal rule [41] . The 95% confidence intervals for AUCs were determined using the method described by Delong and coworkers [30] . The cut-off point for optimal discrimination is represented by the point on the ROC curve closest to the upper left corner.
Sensitivity, specificity and accuracy are proportions, thus confidence intervals were calculated using standard methods for proportions. The 95% confidence interval was approximated based on the Gaussian law by p ± 1.96 · p · 
Detection of AD or non-AD
All biomarkers were further evaluated for the detection of AD in the whole patient sample (i.e., AD versus intermediate AD and non-AD, setup 2; N = 100) and for the detection of non-AD in the whole patient sample (i.e., non-AD versus intermediate and AD, setup 3; N = 100).
Statistical analyses
The mean age was compared between the three patient groups using univariate analysis of variance. Post-hoc testing was performed by Scheffé's or Tamhane's method depending on the result of Levene's test for equality of variances (which was accepted for p values greater than 0.05). The mean TIV was compared between the three groups using the general linear model with group as fixed factor, gender as random factor, and age as covariate. Further comparisons between two groups were performed using the homoscedastic or heteroscedastic unpaired two-sample t-test based on the result of Levene's test (Table 1) . For ROC generation and analysis the open source R package pROC was used [31] .
RESULTS
There was a highly significant age difference between the groups (p < 0.0005). The patients with clinically AD as well as the patients with clinically intermediate AD were significantly older than the nonADs (Table 1) . However, there was a considerable overlap between the three groups with respect to the age range. There was no difference of TIV between the groups after correction for gender and age (p = 0.149).
Segmentation of MR images into GM, WM, and CSF worked properly in all cases (i.e., in the patient population and in the control group) according to visual inspection. The volumetry results for GM are summarized in Table 1 . There was a highly significant reduction of total GMV and hippocampal volumes (both with and without correction for head size and/or age) in patients with AD compared to non-ADs. Patients with intermediate AD presented with intermediate GMVs.
Scaling to individual GMV
There were strong positive correlations of hippocampal volumes with TIV in the sample of healthy subjects who had obtained MR imaging as part of a check-up at a prevention center: r = 0.63, r = 0.60, and r = 0.64 for HVL, HVR, and HV, respectively (all p < 0.000005). In addition, there were weak but significant negative correlations of hippocampal volumes with age: r = −0.36, r = −0.34, and r = −0.36, for HVL, HVR, and HV, respectively (all p < 0.00005).
Scaling to individual GMV removed both the correlation with TIV (r = −0.08, p = 0.2574; r = −0.10, p = 0.1235; and r = −0.10, p = 0.1380 for HVL/GMV, HVR/GMV, and HV/GMV, respectively) and age (r = 0.08, p = 0.2685; r = 0.09, p = 0.1792; and r = 0.09, p = 0.1747 for HVL/GMV, HVR/GMV, and HV/GMV, respectively). 
Discrimination of AD and non-AD
ROC curves for HVL ad , HVR ad , and HV ad as well as for HVL/GMV, HVR/GMV, and HV/GMV are shown in Fig. 2 . Larger AUCs were obtained for hippocampal volumes scaled to GMV than for the hippocampal volumes adjusted for age and TIV based on the bilinear fit in the control group. The largest AUC was found for HVR/GMV, i.e., the scaled GMV of the right hippocampus (AUC = 0.90). Corresponding accuracy was calculated to be 85% with sensitivity and specificity of 80% and 91%, respectively. Results are summarized in Table 2 .
Detection of AD or non-AD
For detection of AD in the whole patient sample (setup 2) HVR/GMV provided an AUC of 0.84. Maximum accuracy and both sensitivity and specificity at maximum accuracy were all 80%. For detection of non-AD (setup 3) HVR/GMV provided an AUC of 0.82 with a maximum accuracy of 80% and corresponding sensitivity and specificity of 68% and 91%, respectively. Results for setup 2 and setup 3 are summarized in Tables 3 and 4 .
DISCUSSION
The present study evaluated freely available software for fully automated atlas-based hippocampal volumetry for the detection of AD in the setting of a secondary care memory clinic for outpatients. The method is based on the combined segmentation and stereotactical normalization approach implemented in the SPM8 software package and predefined masks for left and right hippocampus. The method worked properly in all subjects, i.e., visual inspection of the stereotactically normalized GM component images did not show obvious failures, although no patient was excluded based on technical constraints such as poor MR image quality. This demonstrates the robustness of the method with regard to standard 3D MPRAGE imaging on clinical scanners [42] , which is an important prerequisite for use in everyday clinical routine.
On the other hand, it is evident that predefined standard masks for the hippocampus do not allow extraction of hippocampal volumes with the same accuracy as manual segmentation or more sophisticated and hence computationally expensive semi-automatic or automatic methods, such as FreeSurfer [32] . This is due to residual anatomical inter-subject variability after stereotactical normalization, which is more pronounced in case of strongly atrophic brains. However, the primary aim in clinical routine patient care is not most accurate volumetry but robust and readily available parameters that provide good diagnostic accuracy or predictive power. Clerx and co-workers recently have shown that fully automated atlas-based hippocampal volumetry indeed can provide the same power for prediction of AD than manual measurement [33] .
Inclusion and exclusion criteria of the present study were relaxed to a minimum to make the patient sample as representative as possible for everyday clinical routine. In this respect this study differs from many previous studies on the use of hippocampal volumetry for the diagnosis of AD investigating rather highly screened patient samples. The present study also differs by the fact that there was no control group of healthy subjects included in the analyses. We do not consider this as a limitation of the present study. It rather reflects clinical routine in the memory clinic setting in which the task is detection of AD among patients with memory complaints and not the differentiation of patients with AD from healthy subjects.
Consensus guidelines require that a diagnostic biomarker to be useful in the clinical setting provides sensitivity for the detection of AD exceeding 80% and specificity for distinguishing AD from other dementias also exceeding 80% [34] [35] [36] . We found that GMV of the right hippocampus scaled to the patient's total GMV provided sensitivity and specificity of 80% and 91% for the differentiation of clinically AD from a heterogeneous group of non-AD patients including patients with SCI, non-amnestic MCI, or dementia caused by other neurodegenerative diseases than AD, for example frontotemporal dementia. This demonstrates that the technology is mature and qualifies as a diagnostic marker for use in clinical routine. Sensitivity and specificity for the detection of AD in the whole patient sample were slightly lower, but still reached 80%.
In order to investigate the impact of heterogeneity of the MR acquisition protocol we repeated the analysis using only the subgroup of 89 patients scanned according to protocol (A). As expected, we found a slightly better performance for all biomarkers, e.g., AUC for HVR/GMV of setup 2 improved from 0.84 to 0.85 and AUC for HVR ad from 0.81 to 0.84.
HV and GMV both were obtained by use of freely available software for fully automated image analysis. Thus, the method could be implemented without cost at any institution. To facilitate clinical use, we bundled the code and composed a SPM8 software toolbox, which is able to compute HVL, HVR, and GMV using the methodology described in this paper. The software (termed "HV") can be freely downloaded (http://www.fil.ion.ucl.ac.uk/spm/ext/#HV) and runs under SPM8's graphical user interface. Total computation time on a PC was less than four minutes. Therefore, the method can be easily integrated in the clinical routine workflow.
The right hippocampus provided better diagnostic accuracy than the left hippocampus. The following two points contributed to this finding (Table 1) : (i) in the AD patients (both AD and intermediate AD), the right hippocampus was more strongly affected than the left one, (ii) in the non-AD group, the left hippocampus showed a slightly smaller volume than the right one (although both effects did not reach the level of statistical significance). The first point is in line with a large meta-analysis by Schroeter and co-workers who found statistically significant atrophy in AD patients compared to healthy controls in amygdala, anterior hippocampal formation, uncus, and (trans-)entorhinal area in both hemispheres, whereas the hippocampus (body, tail) showed significant atrophy in the right hemisphere only [37] . The second point most likely is related to the inclusion of patients with frontotemporal dementia in the non-AD group, since frontotemporal dementia causes more pronounced atrophy in most patients in the left hemisphere including the hippocampus [38, 39] .
Patients with clinically AD or intermediate AD were significantly older than the non-AD patients (Table 1) . This reflects the situation in clinical routine patient care, since the prevalence of AD strongly increases with age compared to most neurodegenerative diseases other than AD, such as frontotemporal dementia, which tend to occur at younger age than AD. However, the significantly different age between the diagnostic groups to be differentiated suggests that age should be taken into account when hippocampal volume is used as a biomarker, since hippocampal volume decreases with healthy aging. Not accounting for age would result in an overestimation of the diagnostic power of hippocampal volumetry. For the patient sample of the present study, uncorrected HVR provided an AUC of 0.92 for discrimination of AD from non-AD patients, i.e., slightly higher than HVR/GMV (AUC = 0.90, Table 2 ). Therefore, uncorrected hippocampal volume might be used to support the detection of AD in clinical settings in which the patients to be differentiated from AD are known to be younger than the patients with AD.
TIV is another important nuisance variable in hippocampal volumetry, since the hippocampal volume is expected to strongly correlate with TIV. This was confirmed by the present study in a large sample of healthy controls who had obtained MR imaging as part of a check-up program in a medical prevention center.
In order to account for age and TIV, we fitted a bilinear model with age and TIV as independent variables to the hippocampal volumes to an independent control group. The resulting regression functions were used to transform the hippocampal volumes of all patients to the same age and TIV. Alternatively, hippocampal volumes were scaled to individual total GMV. The latter removed the correlation of hippocampal volumes with both age and TIV in the large sample of healthy controls suggesting that GMV can substitute for both age and TIV simultaneously. The simple scaling to GMV resulted in a better diagnostic accuracy than the bilinear fitting to the control group. Scaling to individual GMV does not require a database of healthy controls. This is an important advantage, since it allows widespread use of automated hippocampal volumetry in clinical routine patient care, also in small institutions and practices in which a proper database of healthy controls is not available. Another possible advantage of scaling to individual GMV is that it might reduce the impact of differences in image acquisition which are difficult to avoid in clinical routine (two slightly different acquisition protocols were included in the present study). The rationale is that differences in image acquisition of course do affect tissue segmentation, but similarly in all brain regions so that the effect cancels to some extent when local GMV is scaled to GMV.
Scaling to the GMV has also limitations. In particular, in later stages, when the disease has already spread out and there is substantial loss of GM outside of the hippocampus, scaling to GMV counters the effect of the disease on hippocampal volume. This effect is small in early stages of AD and, therefore, does not limit the use of scaling to GMV for early diagnosis. However, it is expected to result in decreased sensitivity for the detection of moderate-to-severe AD. The impact of GMV scaling should be investigated in further studies, including also patient samples with more advanced disease. Before then, correction for TIV and age based on a bilinear fit in healthy controls might be preferred over GMV scaling in everyday patient care, because it is most likely more robust with respect to atrophy and other pathology outside the hippocampus.
Finally, clinical diagnosis of AD based on core clinical criteria as suggested by current international guidelines [11, 12, 22] was used as gold standard. The clinical diagnosis has sensitivity between 70.9% and 87.3% whereas specificity ranges from 44.3% to 70.8% [40] . The limited accuracy of the clinical diagnosis might have resulted in underestimation of HV diagnostic accuracy.
CONCLUSION
The ratio of right hippocampal to total GMV estimated by freely available software using fully automated atlas-based segmentation fulfills the requirements for a relevant core feasible biomarker for the detection of AD in everyday patient care in a secondary care memory clinic for outpatients. It is easily integrated in the routine workflow.
